Supplemental Discussion
Incorporating moments within emissions, sulfur chemistry and post-processing redistributes the concentration to be far higher over the land area within this box, which includes the cities of Seoul and Incheon. A similar redistribution is visible at the Yangtze River delta where Shanghai is located. Moving inland, urban centers can be discerned more readily with the use of moments, for example Xian in the northwest of China. The maximum values obtained in polluted areas are increased as well, such as in Hong Kong/Guangzhou, Shanghai and Tokyo.
Comparison with observations shows improvement, in particular reducing the overall low bias seen in comparisons with urban measurements. For example, for the 61 urban centers among the top 103 in Table 1 (those with >100,000 premature deaths prevented, hence the most important for our results) for which directly measured PM2.5 observations (i.e. rather inferred from PM10 measurements) were available in the 2016
World Health Organization's database of ambient air pollution (data spanning [2009] [2010] [2011] [2012] [2013] [2014] [34], the typical low bias of a coarse grid global model is greatly reduced with the use of moments ( Figure S2 ). Specifically, in those 61 cities the mean bias in the base case is -9.3 μg m -3 (17%) whereas in the case with moments the bias is reduced to -3.8 μg m -3 (7%). Clearly the model remains imperfect ( Figure S2 ), but at the same time it is substantially improved for the purpose of metropolitan area air quality modeling. We note that the model did exhibit substantial low biases in surface PM2.5 over South Asia (India, Pakistan and especially Bangladesh). As the model exhibits its most pronounced precipitation biases by far of those seen over any land areas in this region [24] , we expect that the bias is largely attributable to the model's failure to accurately reproduce the Asian Monsoon. Since this would affect large areas (not only urban centers), a bias adjustment was applied to all values in those three countries. Impacts of this bias adjustment are within the uncertainty in the exposure-response function, however.
Across the 61 cities evaluated here, the mean absolute bias in the model was 30% relative to observations (after bias adjustment). It would certainly be valuable to explore the results from regional modeling that might better capture urban-area PM2.5, in particular for cities in South Asia. However, as the uncertainty of the cumulative deaths based on the exposure-response function is 44%, values in most areas would likely remain within the ranges given here. Note also that a recent analysis using similar exposure-response relationships and a satellite-based analysis of surface PM2.5 found that the global 2010 impact was ~3.9 million premature deaths, a value consistent with our 3.6±0.9 million from PM2.5 (including thresholds, as in the other study) [33] . Figure S1 . Native 2 x 2.5 degree horizontal resolution simulation of present-day (2010) surface PM2.5 (μg m -3 ) over East Asia, and the 0.5 x 0.5 degree results incorporating firstand second-order horizontal moments in emissions, sulfur chemistry, and postsimulation concentration reconstructions. 0.5 x 0.5 degree boxes with more than 5 million inhabitants are marked with a white X. Table 1 /S1 for which data is reported from direct PM2.5 observations.
Urban PM 2.5
Calculation of monetized near-term, long-term, local and remote impacts
In order to better understand the relative importance to society of environmental damages attributable to climate and air quality over various spatial and temporal scales, we evaluated the social costs of all atmospheric emissions from various sources based on prior work that developed the Social Cost of Atmospheric Release [11], now separating these into near-term, long-term, remote and national damages. Here we define near-term as the fraction of damages that occur during the first 10 years, whereas long term is everything occurring after 10 years. Local damages are defined as the national portions of surface land area for a large nation such as the US or China or a block of smaller nations such as the EU (~6% of the world's surface area) for impacts related to climate and agriculture and for methane's effect on health via ozone. Remote is defined as the remainder, except for composition-health impacts for which 90% of PM-related health impacts are considered local and the rest remote (based on [35] ).
We find that the bulk of damages attributable to current emissions from US coal-fired power plants are near-term and local: 58% with a 3% economic discount rate (range of 51 to 72% with 1.4% and 5% discounting, respectively). With their greater emissions of traditional air pollutants, the values are higher for Chinese coal-fired power plants: 64, 69 and 78% for 1.4, 3 and 5% discount rates, respectively, a pattern likely repeated in most developing countries. For US surface transportation, which is more highly colocated with population than power plants, the share of damages that are local and nearterm is 68% with a 3% discount rate (range 62-77%). Though valuation of climaterelated benefits would greatly increase over time, this suggests that near-term societal benefits of many sectoral transformations within a rapid low carbon transition would likely be dominated by human health gains that are themselves overwhelmingly attributable to air quality (more than 99% of the near-term, national effects stem from air quality-health impacts). These results motivate this study to probe deeper into the near-term, national effects, with a focus on air quality, in examination of the impacts of the various scenarios, and in particular to highlight the effects on individual metropolitan areas as research indicates that highlighting risks for specific localities more effectively communicates the damaging effects of climate change [36, 37] .
Note that some other sectors show a much smaller share of benefits occurring locally and in the near-term. For example, many of the damages associated with use of natural gas come from fugitive methane emissions and so are near-term (~30%), but only a small portion are localized to the nation where emissions take place (~5% of total damages for the US). 
Coal-fired Electricity: US

Ozone Evaluation and Bias Correction
We compared model output with observed mean annual daily 8-hr maximum concentrations for 83 urban areas in the US and China using hourly data from the U.S.
EPA's Air Quality System and from the Beijing Municipal Environmental/China National Environmental Monitoring Centers (http://beijingair.sinaapp.com). Unlike PM2.5, for which the systematic bias is weakly negative (Figure S2 ), the GISS-E2 model tends to overpredict urban surface ozone levels, as do most models. Surprisingly, biases in the US and China are nearly identical, suggesting that this evaluation is likely broadly applicable. Reducing mean annual daily 8-hr maximum ozone concentrations by 25%
eliminates the bias, and so as a conservative approach we reduced ozone worldwide by this factor (adjusting based on the ppb bias would lead to smaller changes in more heavily polluted areas, while no adjustment would lead to overestimated impacts).
The bias adjustment of ozone reduces the integrated 21 st century impacts by 19 and 39% when thresholds are not and are used, respectively (see SI.4 for additional discussion of thresholds). Thus the influence of the ozone bias correction is comparable in magnitude to the 30% uncertainty in ozone impacts stemming from the exposureresponse relationship (the relative risk values) and 26% stemming from the choice of whether or not to use a low exposure threshold (leading to a combined methodological uncertainty of 39%). Hence improved ozone modeling could lead to improvements in health impact estimates (though given the dominance of PM-related impacts, ozone bias corrections remain a relatively minor source of total uncertainty). We point out that the use of a threshold makes the results much more sensitive to model biases, as small changes can lead to large impacts as values cross the threshold, so that uncertainties are larger when thresholds are used (as is the case for PM impacts; see SI.4). Our bias for all available areas is 6% less, indicating that urban areas are slightly more biased than rural, presumably due to titration at high levels of nitrogen oxides that is not fully resolved by the model (and hence our bias adjustment based on urban data will lead to underestimated non-urban impacts, but these should similarly not be markedly so).
Alternative Calculations of Ozone-Health Impacts and Use of Low Exposure Thresholds for Ozone and PM2.5
For comparison with prior studies, we not only calculated ozone-related health impacts using the most recent relative risk functions, but also including two older relative risk functions. The first comes from an American Cancer Society US study associating longterm ozone exposure with premature death from respiratory disease [38] (an earlier, smaller sample from the same study used in the newer analyses [29] ). This RR has a value of 1.04 per 10 ppb increase in the maximum 6-month average of the 1-hr daily ozone maximum [18] . The second relative risk function is based on short-term exposure [39] , and assigns most impacts to increased cardiovascular disease using a RR of 1.11 for a 10 ppb increase in 24-hr ozone concentrations based on a meta-analysis [40] . We reported the mean of these two methods with uncertainties representing the range between these two results as our 'legacy' calculation when comparing with prior analyses that relied upon similar relative risk functions in the Methods section. As these older methods included much weaker exposure-response functions, unsurprisingly they yielded markedly smaller impacts of the accelerated emissions cuts even though we did not include exposure thresholds (but did incorporate ozone bias-adjustment).
Cumulative avoided premature deaths due to ozone were 17±4 million using legacy methods, less than half the 36±10 million found using the updated exposure-response functions for respiratory causes only including an exposure threshold or 41±9 million without a threshold.
We note that the updated exposure-response functions were obtained from an extended analysis of the same underlying dataset used in the prior 'legacy' exposure-response functions [38] , and this larger dataset (covering more subjects over longer times) was analyzed by many of the same authors as the earlier work. Although it has not yet been widely used in health studies, it therefore seems sensible that it should supersede the prior methods. One recent study does utilize these newer exposure-response functions, and finds an even larger increase in the premature deaths associated with ozone [41] , though they analyze respiratory-related deaths only. The results are sensitive to assumptions about impacts at low ozone levels, especially below the lowest level at which exposures took place in the epidemiological studies which are commonly used as lower thresholds. As shown in the main text (Figure 2 ), under the accelerated reductions scenario ozone values in most of the world drop below the 26.7 ppb threshold by 2080, resulting in a decrease to near-zero ozone-related deaths in the last decades of the century when an exposure threshold is used.
Most literature follows the conservative judgment of the health research community to only include results at exposures that have been observed, meaning using a low exposure threshold. It is improbable, however, that the effects of air pollution abruptly vanish below measured levels, and indeed biological models do not make a convincing case for 'safe' exposure levels. Hence incorporating the measured exposure-response curves all the way to zero might make more sense despite the lack of observations at very low exposures. In support of this approach, a recent study [43] with a very large sample size (>60 million persons) has demonstrated that at the lower end of observed exposures, all cause premature death associated with an incremental ozone increase was only marginally weaker and statistically indistinguishable from that at higher exposures, (as the analysis in [29] found statistically indistinguishable results with and without a threshold). In that same study [43] , for PM2.5 all-cause mortalities the relative risk for an incremental change in exposure actually increased substantially at lower exposures, undermining the rationale for including a so-called 'counterfactual' low exposure threshold.
For this reason we also included impact calculations for PM2.5 and ozone that did not include an exposure threshold. As discussed in the main text, the use of a threshold leads to much lower total values but has much less effect on the impact of the accelerated emissions reductions. When thresholds are used for PM2.5 exposure, the impacts of the accelerated emissions reductions begin to shrink rapidly towards the late 21 st century, however, due to many areas falling below the threshold whereas in the calculations without a threshold the impacts vary smoothly through time and remain fairly constant from 2050 through 2100 (Figure 2 ). We point out also that the relative uncertainty associated with the PM2.5 impacts is substantially less in the case without an exposure threshold. This is because the 1000 variants of the exposure-response function produce a wider range of outcomes in the case with the threshold as the simulated values fall below the threshold in some variants but not in others, creating large divergences. Such behavior does not occur when thresholds are not used. Worldwide cumulative deaths attributable to PM2.5 are well within the uncertainty range of the threshold-based values when no threshold is used, however.
For ozone, the impacts of the accelerated emissions reductions similarly begin to shrink rapidly towards the late 21 st century when a threshold is used due to many areas falling below that value (Figure 2) . Relative difference between worldwide cumulative global deaths averted by the accelerated emissions reductions are greater for ozone than PM2.5, but the cases with and without a threshold again have overlapping uncertainty ranges.
As discussed in SI.3, uncertainties associated with model biases are larger for ozonerelated deaths when using a threshold than in the no-threshold case. Based on the epidemiological evidence against 'safe' low-level exposures along with the absence of artificial changes in impacts when projected values cross thresholds (see also Figure S5 ) and the reduced uncertainties and sensitivities to model biases in the absence of thresholds, we favor the results without exposure thresholds but present both for consistency with the general practice of incorporating exposure thresholds. We note that when no thresholds are used, it may be useful to compare impacts with those attributable to preindustrial air pollutant concentrations rather than zero to reveal the approximate 'anthropogenic portion' (see Figure 2 caption). Such a comparison has ambiguities, however, as owing to large estimates for preindustrial biomass burning [44] , values relative to preindustrial can be lower than values estimated with conventional thresholds in the case of PM2.5.
Although global values are only modestly sensitive to this methodological choice, metropolitan area deaths can be very sensitive to the choice of whether a threshold is used, and the relative magnitude of results in the two cases varies markedly across regions (Table 1/S1 versus Table S2 ). Cities with high current pollution levels tend to experience greater benefits from emissions reductions when a threshold is used as their pollution can drop below the threshold in the future and eliminate all impacts, whereas cities with low pollution levels tend to see greater benefits without a threshold as those results account for incremental improvements at lower exposures. Hence premature deaths in many developing country metropolitan areas decrease when the threshold is removed (e.g. totals in Delhi decrease by 18%), but metropolitan area values in many developed countries increase, sometimes greatly (e.g. totals in New York nearly triple).
Note also that the exposure-response analysis found suggestive evidence for a counterfactual for ozone-health impacts of 35 ppb below which health impacts are defined to be zero, and also reported a higher RR based on all the ozone exposures above that level (RR 1.17; 95% CI 1.11-1.22) for respiratory-related deaths [29] . Using this higher ozone threshold, 2010 all-cause premature deaths attributable to ozone decrease to 0.6±0.2 million as the exclusion of locations with O3<35 ppb has a larger impact than the increased risk value.
We point out that although we have used a global model and hence presumably provide less accurate information at the metropolitan scale than regional or local models might achieve, the mean absolute ozone bias in our model across both US and Chinese urban sites is 14%, which is substantially smaller than the uncertainties associated with the best case exposure-response function (26%) or those related to assumptions about the exposure-response relationship (e.g. the metropolitan area differences discussed above).
Nonetheless, for detailed planning purposes in metropolitan areas both higher resolution atmospheric modeling and more detailed modeling of local energy and economy options would be appropriate.
As noted in the tables, uncertainties in metropolitan areas are relatively larger than those for global totals as they include uncertainties in modeling local pollutant concentrations based on mean absolute biases. For global totals, we include the mean bias in modeled PM2.5 of 7% along with the exposure-response uncertainty (though the latter is much larger). For ozone, the bias adjustment uses all available data, so by definition the mean bias is zero, hence it is unclear what bias one would use. The mean absolute bias is 14%, but some places are overestimated whereas others are underestimated and so how model biases might affect the global total is not clear but should be less than this value and thus small compared to the exposure-response uncertainty. Overall, both exposure biases appear to be much smaller than the exposureresponse uncertainties, as in prior studies (e.g.
[18]).
Implications of the Experimental Design regarding Feasibility and Assessment of Health Impacts
Although we discussed economic implications of the air quality changes modeled here, this study is neither a cost/benefit analysis nor a cost-optimization exercise, but is instead intended to be complementary to IAM cost-optimization analyses by addressing a benefit that is not valued in the type of IAM that produces scenarios such as the RCPs.
In scenario generation exercises, the framework is often that a goal is decided, e.g. as when the Parties to the UNFCCC set a temperature (and hence implicit radiative forcing) goal, and then IAMs are used to find the least cost path to reach that target based only on mitigation costs. In such a case, deployment of negative emissions may be projected to be less expensive than eliminating many of the most expensive fossil fuel uses (the residual in the IAM scenarios), but that is based on evaluating mitigation costs alone and not evaluating benefits, in part because by design the climate impact of alternative pathways that lead to the same climate outcome have the same climate benefits and nonclimate impacts are generally not considered. Given the large air quality impacts of these choices, however, our study demonstrates that the wider societal impacts may be markedly different, and hence merit consideration alongside mitigation costs in decision-making about policy options.
It is also worth noting that while maximum phase out rates of fossil fuel usage in the IAMs are in part based on historical evidence for the maximum achievable rate of technological change, in fact real-world developments can outpace those projected in expert models. For example, a recent study showed that the actual rate of increase in installed solar electricity generation capacity outpaced each of the last four projections of the International Energy Agency despite those projections being increased with each successive revision [45] . Hence the transition away from fossil fuels might in fact be faster than envisioned in IAMs. In addition, IAMs tend to have limited representation of some land-management options (e.g. biochar or peatlands) and some demand-side mitigation options (e.g. changes in diet or food wastage, urban planning) [46] . Hence the low carbon scenario of the RCP2.6 is but an illustrative example. Greater reductions in fossil fuel usage were not produced in the IAM generating RCP2.6 as they were assumed to be more expensive than BECCS. However, either more rapid declines in the cost of renewables or in energy demand could substantially alter such estimates. Hence the economic feasibility, which would depend upon both costs and benefits in real-world choices (though not in IAM cost-effective frameworks that do not include benefits), of the scenarios examined here is difficult to determine. A full assessment of 'feasibility' is beyond the scope of this study and would require simulation with an IAM along with a necessarily subjective evaluation of the various aspects of feasibility including technical, political, economic and societal feasibility.
Our rates and magnitude of emissions reductions vary across pollutant, but are very large for several pollutants and in particular SO2 and CO2 ( Figure S4 ). We note that as SO2 is only one precursor to PM2.5, and ozone is also an important contributor to human health impacts, emissions of SO2 are not necessarily a good indicator of overall health impacts of air pollution. In our scenarios in fact, SO2 emissions would be a relatively poor indicator of health impacts associated with ambient air pollution, which follow carbon monoxide (or even nitrogen oxides) more closely, especially when removing population growth ( Figure S5 ). This is likely because CO is itself an ozone precursor and is also often co-emitted with carbonaceous aerosol precursors (likewise NOx is a precursor of both ozone and aerosol). Hence utilizing SO2 emissions as an indicator of air quality in future scenarios [13, 14] may not be advisable since ozone becomes the dominant driver of premature deaths by 2030 (Figure 2 ).
This study examines the health impacts of changes in outdoor air quality only. We note also that the accelerated reductions in residential sector emissions would bring additional health benefits related to indoor air quality beyond those analyzed here (though the RCP2.6 scenario assumed that people would move up the 'energy ladder'
with projected growth in per capita incomes, leading to the rapid elimination of residential use of solid biofuels so that additional benefits would likely be small). There would also be health benefits if part of the transition to low-carbon urban transport takes place via increased 'active transport' (walking and biking) [47, 48] , though quantification would require analysis of projected transportation types beyond the scope of the scenarios explored here. As mentioned previously, in the comparisons between 1.5 and 2 degree warming scenarios, there would also be additional health benefits associated with reduced climate change (e.g.
[16]). Figure S4 . Emissions of major pollutants in the scenarios used here. Net CO2 emissions (upper left) are shown for the 2°C, 1.5°C and RCP2.6 scenarios whereas RCP2.6/2°C and NoNegRCP2.6/1.5°C are shown for all others (as the only difference between RCP2.6 and the 2°C scenarios is for CO2 based on additional carbon uptake via land management). Tables   Table S1. As Table 1 
